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Although the pseudohalide thiocyanate (SCN - ) is the preferred substrate for eosinophil peroxidase (EPO) in fluids of physiologic halide composition, the product(s) of this reaction have not been directly identified and mechanisms underlying their cytotoxic potential are poorly characterized. We used nuclear magnetic resonance spectroscopy (NMR) . Neutrophil MPO predominantly catalyzes the two-electron oxidation of the most abundant halide, Cl -, to generate the potent bleaching oxidant hypochlorous acid (HOCl), a highly but indiscriminantly reactive substance with potent cytocidal capacity. This powerful "bleaching" oxidant reacts rapidly with a wide variety of cell membrane components, disrupts membrane integrity and lyses cells (3) (4) (5) . In view of these characteristics, HOCl seems well suited for fulfilling the primary function of the neutrophil: to kill relatively small internalized microbes within the confines of a phagocytic vacuole.
In contrast to neutrophils, eosinophils (EOs) mediate the extracellular destruction of large metazoan pathogens such as helminthic parasites (6) . Eosinophils contain large quantities [15 µg/10 6 eosinophils, 40% by weight of total specific granule protein (7, 8) ] of EPO, a 77,000 dalton, two-subunit enzyme which, though related to MPO, is both structurally (1,2,8) and functionally (9-12) distinct from MPO. EPO plays a critical role in EO killing of parasites under physiologic conditions because EPO inhibitors nearly completely block the killing of antibody-and complement-opsonized schistosomules by intact eosinophils in serum conditions (13) .
The physiologic substrate for eosinophil EPO, though clearly different from that of MPO, is less certain. EPO oxidizes Cl -poorly, if at all. (9) (10) (11) (12) . In physiologic fluids such as serum and extracellular fluid the concentrations of halides are 100 mM Cl -, 20-100 µM Br -, 20-120 µM SCN -, and <1 µM I - (14) (15) (16) . Considering other potential substrates, it has been shown the EPO/Iby guest on August 17, 2017
http://www.jbc.org/ Downloaded from / H 2 O 2 system has pronounced toxicity for bacteria (9) , parasites (17,18), and mammalian cells (10, 19) , but only at I -concentrations far above physiologic. Alternatively, in the presence of physiologically relevant concentrations of Cl -and Br -(i.e., 100 mM and 20-100 µM, respectively) EPO preferentially oxidizes Br -to form another potent bleaching oxidant, HOBr, suggesting that Br -might be the predominant natural substrate (20, 21, 75, 76) . However, other work has shown (9, 10, 22, 23 ) that the pseudohalide thiocyanate (SCN -) can also be a substrate for the EPO system.
We found (23) that, in fluids of physiologic halide composition (i.e., 100 mM Cl -, 20-100 µM Br -, 10-100 µM SCN -, and 1 µM I -) and in serum, SCN -is the virtually exclusive substrate for EPO oxidation, both by purified EPO and by activated eosinophils. Nitrite (NO 2 -) can also serve as a substrate for EPO, producing a bactericidal product (77) that nitrates protein tyrosine residues (78) ; but SCN -is preferentially oxidized over NO 2 -as well (78) . Based upon these data, we
propose that, unexpectedly, SCN -is the primary substrate oxidized by EPO of N 2 at 60°C); nebulizer gas (air at 1.5 L/min). Data were acquired in the range of 10 to 100 m/z at a step size of 0.2 AMU and 5 to 10 msec dwell time; 10 to 30 scans were summed over time.
Collision-induced dissociation tandem mass spectrometry (MS/MS) studies were performed on a Micromass Quatro II triple quadruple mass spectrometer (Altrincham, U.K.). Collision-induced mass spectra were determined in the negative ion mode by direct infusion of reaction products (formed by the EPO/SCN -/H 2 O 2 system as described for the ESI/MS studies above) at a flow rate of 10 µl/min (Harvard Apparatus pump) and analyzed with a cone potential of 20 eV, collision energy of 30 eV, collision gas (Ar) cell at 1.7 x 10 -3 mbar, source temperature 70°C, capillary 3500 V, high voltage lens 690V, skimmer offset of 5 V. and spontaneous ATP hydrolysis (i.e., ATP in the absence of membranes). 
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Mass spectometry analysis of EPO/SCN¯/H 2 O 2 system reaction products.
Although these NMR studies suggest there are two major stable products of the EPO/SCN¯/H 2 O 2 system, they do not identify their structures. Moreover, because of the relative insensitivity of this technique, they do not rule out the possibility that other products exist. We therefore used To determine which of the NMR resonance peaks (i.e., b or c) detected in Figure 2 represents OCN¯, we analyzed the NMR spectrum of The shift of this peak is indistinguishable from that of peak b in Figure 2 , supporting its identification as OCN -. Since sulfur is less electron withdrawing than oxygen, the upfield resonance (peak c in Figure 2 ) is likely Given the potential specificity of OSCN -/OCN -for SH reactivity, we hypothesized that these substances, despite being far less reactive for other biologic materials than the potent bleaching oxidants HOCl and HOBr, might more effectively mediate SH-based toxicity. We therefore compared the capacity of these oxidants as well as H 2 O 2 to inactivate ATPases in isolated RBC membranes (Figure 10 ). Membrane preparations rather than intact RBC were used to allow all oxidants equal access to intra-and extracellular membrane components. In this model OSCN -/ OCN -inhibits RBC ATPases much more effectively than in intact RBCs (cf. The predominant oxidative product(s) of this reaction has been suggested, by analogy with the hypohalous acids HOCl and HOBr, to be hypothiocyanous acid (HOSCN) Potential physiologic significance of findings. Both OSCN -and OCN -have relatively specific reactivities that may bespeak a novel biologic strategy for the EPO system in carrying out the putative role of eosinophils, i.e., extracellular destruction of metazoan parasites (6) . In preliminary studies we have found (61) that the ED 50 for killing of cultured human and mammalian cells --including cardiac myocytes and several types of endothelial cells--is approximately 10-fold higher (200-300 µM oxidant) for EPO/H 2 O 2 /SCN -system-derived products than for HOCl or HOBr; however, the ED 50 for killing of freshly transformed schistosomules, a model of parasitic disease, is nearly identical (20-30 µM oxidant). It is therefore conceivable that OSCN -and OCN -comprise a cytotoxic system that exploits subtle, sulfhydryl-based metabolic differences between host and parasites to effect selective killing of the latter. These weakly, but specifically, reactive compounds may be better suited for selective extracellular killing of pathogens than is a potent but nonspecific oxidant such as HOCl. Supporting the plausibility of a sulfhydrylbased cytotoxic system, the efficacy of several anti-parasite drugs, such as oltipraz (47) system using the protocol described in the legend for Figure 6 , for 30 min at 37˚C. After pelleting and washing 3 times rapidly in ice cold PBS buffer, lysates were prepared and assayed for GSH, GAPDH, GST and LDH; membrane preparations were assayed for ATPase activity. Under these conditions there was no detectable hemolysis.
FIGURE 10. Comparative oxidant inactivation of red blood cell membrane
ATPases. 100 µg aliquots of RBC membranes were exposed to the indicated concentrations of Figure 1 , reaction products of the EPO/SCN -/H 2 O 2 system were generated either at pH 7.4 (panels A, B, and C) or pH 6.0 (panels E and F) at room temperature, then maintained thereafter at 4˚C for subsequent evaluation of products and their stabilities.
Reaction mixtures were generated and NMR spectra obtained in buffers supplemented with 10% D 2 O. Spectra (1500-2000) were obtained using a Bruker AMX-600 using an 8 mm broadband probe over 90-120 min. Chemical shifts were referenced relative to an external HOSCN and cyanate were subsequently determined in the presence of the complete system (left pair of bars), the complete system in the presence of the peroxidase inhibitor azide, 5-mM (middle pair of bars), or in a system lacking added EPO (right pair of bars). After cooling on ice, this preparation was then analyzed by NMR as described in Materials and Methods. All peaks were referenced relative to a (CH 3 ) 4 Si standard. The large resonance at 162.5 PPM represents the parent urea peak. The only other major peak is observed at 128.6 PPM. FIGURE 8. HOSCN and cyanate production by PMA-activated eosinophils. Purified human eosinophils (4 x 10 6 /ml) isolated from three different donors were suspended in modified H/H buffer (pH 7.4) supplemented with 1 mM KSCN. Cells were then incubated for 60 minutes at 37˚C in the absence of further additions (left pair of bars), after addition of 100 ng/ml of PMA (center pair of bars), or in the concomitant presence of both 5 mM sodium azide and 100 ng/ml of PMA (right pair of bars). Supernatant buffer obtained by spinning 5000 x g for 5 minutes was deproteinated by Microcon concentrators (Amicon, MA) with membranes of 3000 kD molecular weight cut off and centrifugation for 30 minutes, 13,000 x g at 4ºC. Filtrates were assayed for oxidants and cyanate as previously described. 
